The surface chemistry of aluminum oxide, Al 2 O 3 , is interIn this study, we describe the adsorption of ferricyanide esting not only because it is one of the most abundant oxide (Fe(CN) 30 6 ) on g-Al 2 O 3 by a modified Langmuir adsorption iso-minerals in the natural systems, but also because it constitherm. The modified Langmuir isotherm developed herein can tutes the surface layer in a wide variety of industrial material. science. In particular, the coordination chemistry approach on the surface increases the attraction force that exists between g-Al 2 O 3 and the adsorbate. According to the Gibbs-Helmholtz has been successfully applied to account for the interactions equation, these apparent equilibrium constants at various tempera-between cations and anions under monolayer coverage at tures and pH conditions can be applied to determine enthalpy the aqueous/oxide interface (2). For more complex heterochanges (DH 0 ) for the adsorption at different pH conditions. The geneous systems, the adsorption behaviors can be exactly result indicates that enthalpy change at different pH values is near described by the proton-competitive Langmuir isotherm with 05 kcal/mol which indicates that the enthalpy change is in the two-site affinity or site affinity distribution function (3, 4). face using the modified Langmuir isotherm, and to derive the thermodynamic parameters, including free energy (DG 0 ), enthalpy (DH 0 ), and entropy (DS 0 ) changes during adsorp-
g-Al 2 O 3 and the adsorbate. According to the Gibbs-Helmholtz has been successfully applied to account for the interactions equation, these apparent equilibrium constants at various tempera-between cations and anions under monolayer coverage at tures and pH conditions can be applied to determine enthalpy the aqueous/oxide interface (2). For more complex heterochanges (DH 0 ) for the adsorption at different pH conditions. The geneous systems, the adsorption behaviors can be exactly result indicates that enthalpy change at different pH values is near described by the proton-competitive Langmuir isotherm with 05 kcal/mol which indicates that the enthalpy change is in the two-site affinity or site affinity distribution function (3, 4) . Soil and aquatic systems containing free and complexed EXPERIMENTAL metal cyanide at industrial sites are a major environmental Materials concern as long as spent cyanide process solutions are generated. Distributing iron-cyanide complexes between the soil g-Aluminum oxide, supplied by Japan Aerosol Co., was solution and the soil solid phase determines the concentration produced by the hydrolysis of AlCl 3 using the flame process of iron-cyanide in the soil solution and its transport rate reference to technique. The oxide diameter was smaller than through the soil. Meeussen (1) indicated that a large fraction 1 mm. The aluminum oxide was treated according to the of the cyanide in the soil solid phase was leached from procedure of Hohl and Stumm (5). The oxide solids were soils at a nearly constant iron-cyanide concentration in the mixed with 0.1 M NaOH solution overnight and then settled. leaching process. This finding would suggest that the dis-The supernatant was discarded and the settled solids were solved iron-cyanide was in a mineral phase. In the environ-washed by Milli-Q distilled water several times to remove ment, iron-cyanide exists in the form of ferricyanide and impurities (i.e., SiO 2 ) from the oxide surface. The solids ferrocyanide.
were finally dried in an oven at 103ЊC overnight. Stock solutions of 0.05 M K 3 Fe(CN) 6 were prepared using supplies 1 To whom correspondence should be addressed. ], respectively. Also, C T is equivalent to the combination of C s f and C f with a given molar A 0.25-g sample of g-Al 2 O 3 was immersed in 100 ml of concentration of Fe(CN) 30 6 solution. Eq. [2] can then be 0.01 M NaClO 4 . The pH was adjusted to 5.0, 5.5, 6.0, and 6.5 rewritten as by adding of HNO 3 or NaOH under nitrogen atmosphere for the adsorption experiments with ferricyanide. Four temperatures (10, 25, 35, and 45ЊC) were chosen in the study of 
[5] free cyanide during the adsorption, the concentration of free cyanide in the filtered supernatant was analyzed by polarograBy using a double reciprocal plot (Langmuir plot), i.e., phy (Metrohm model 693) with the method of differential C f /C s f vs C F , Eq.
[5] can be rearranged as Eq.
[6] pulse voltammetry. The half-wave potential for cyanide was 00.24 V in the 0.1 M KOH solution.
[6]
RESULTS AND DISCUSSION
In this plot, C max and K app can be obtained from the interModified Langmuir Isotherm cept and slope of the plot at constant pH. Figure 1 presents The Langmuir model is expected to be approximately valid the Langmuir plots for ferricyanide adsorption isotherms on for a clean, smooth, nonporous surface, showing reversible, g-Al 2 O 3 surface at four different pH and temperature values. physical adsorption of a pure solute. The g-Al 2 O 3 surface is Table 1 lists the subsequent values of C max and K app . Acan adsorbent capable of approximating to these conditions. cording to these results, C max ranges from the lowest value Ferricyanide is an ion that possess high charged numbers so of 7.63 1 10 05 M at pH 6.5 and 318ЊK to the highest value adsorption occurs uniformly over the g-Al 2 O 3 surface resulting of 2.08 1 10 04 M at pH 5 and 283ЊK. Obviously, C max in a more negatively charged colloidal surface. Moreover, sta-decreased with an increase in pH at constant temperature. ble iron-cyanide complexes maintain their dissolved condition This was because surface protonation increases with a deregardless of an increase in concentration. Therefore, the ad-crease in pH; more positively charged sites on the surface sorption of iron-cyanide complex on the surface can form increase the attraction force existing between g-Al 2 O 3 and only the monolayer coverage as the hypotheses of Langmuir the adsorbate. isotherm. As a result of our previous work (6), the ferricyanide adsorption on g-Al 2 O 3 surface may be described by an individ- the Langmuir model assumption. The model assumes that adsorption is limited to a monolayer and, therefore, C max is where K app is the apparent adsorption constant. Eaton (7) a constant and is independent of temperature. contended that there is no evidence for the conjugation of Related studies have addressed the temperature depenferricyanide with proton above pH 1. Therefore, the m values dence of cation or anion adsorption onto metal oxide surin Eq.
[1] are given as 1. For an exact analysis of the proton face-cation adsorption increasing with increasing temperastoichiometry, Langmuir theory allows the m value to be an ture (8-12) and anion adsorption decreasing with increasing integral.
temperature (13) (14) . The cause of these temperature effects remains unclear. At least two theories can explain why the C s f , C s , and C f represent [AlOH adsorption decreases (or increases) as the temperature in-
The first theory is that of the point of zero charge (pH pzc ). Zeltner et al. (13) have demonstrated that the proton dissociation on an oxide surface is an endothermic reac-where R and T are gas constant and absolute temperature, tion. Thus, increasing the temperature will reduce pH pzc respectively. Thus, from ln K app versus 1/T plots, the values (15). It was evident that the amount of AlOH / 2 decreases of enthalpy (DH 0 ) were calculated from the slope of the with increasing solution temperature at the same pH. If ad-plot at different pH. Figure 2 presents [9] exothermic reaction exists on the surface complex formation of some anions on the oxide.
The values of enthalpy change (DH 0 ) at different pH values were found to be negative, thereby confirming the Description of Thermodynamic Parameters exothermic nature of the adsorption process. As indicated in Table 2 , the enthalpy change of adsorption is close to 05 As indicated in Table 1 , K app is related to the standard enthalpy of adsorption DH 0 and the relationship can be de-kcal/mol. If the major contribution to adsorption originated from a change in the hydrogen bonding energy, enthalpy scribed by the Gibbs-Helmholtz equation as force between ferricyanide and hydroxyl groups under acidic change in the range of 05 to 010 kcal/mol would be excondition, thereby resulting in a high enthalpy change near pected to be the same as those having been observed in other the range of hydrogen bonding in this result. studies (18) (19) . While considering the acidic conjugation Table 2 also displays positive values of standard entropy constant, ferricyanide is still stable with protons even at change (DS 0 ), which may be explained by exchange reacsolution pH lower than 1 (7). Therefore, ferricyanide may tions. During exchange reactions, the bound counter ions or not conjugate with proton ions on g-Al 2 O 3 surface by formwater molecules on the adsorbent's surface is replaced by ing hydrogen bonding. However, a highly charged ion such the adsorbate (20). Because of its large size and high charge, as ferricyanide raises a significant electrostatic attractive ferricyanide ions attach to the surface by removing more counterions or water molecules, so the entropy change (DS 0 ) of reaction becomes positive. Table 2 also reveals that DS 0 increases with pH. At lower pH values, the gAl 2 O 3 surface brings highly protonated sites and the affinity between the adsorbent and counter ions or water molecules increases. This increase of affinity causes a decrease in the number of counter ions or water molecules desorbed during ferricyanide adsorption.
From Table 2 , it can be seen that adsorption free energy increases with pH at the same temperature. Assuming that the various adsorption mechanisms act independently, the free energy of adsorption (DG [10]
The subscripts coul, solv, and chem represent the contribution of coulombic energy change, solvation energy, and a specific chemical adsorption energy. A detailed quantitative model for the adsorption of ions at the oxide-water interface is presented in accordance with the competition between the free 
CONCLUSION
The effect of temperature and pH on the adsorption of ferricyanide onto g-Al 2 O 3 was investigated. Adsorption capacity (C max ) obviously decreases as pH or temperature increases. The standard enthalpy change (DH 0 ) of adsorption is close to 05 kcal/mole, indicating that the enthalpy change is equivalent to the order of hydrogen bonding. This finding also confirms the exothermic nature of the adsorption process. Due to the large size and high valence of one ferricyanide ion, it attaches to the oxide surface by removing more counterions or water molecules, thereby resulting in a positive value for the entropy change (DS 0 ). At the same temperature, the standard free energy change (DG suggests that the reaction mechanism does not change be- tion energy is a dominating term in the adsorption energy (1990). change of highly charged ions as suggested by James and 20. Davinder, S. G., David, J. R., and Richard, C. W., J. Colloid Interface Healy (21), the adsorption free energy will increase as pH Sci. 167, 1 (1994) . 21. James, R. O., and Healy, T. W., J. Colloid Interface Sci. 40, 42 (1972). increases as shown in Table 2 .
